Lipopolysaccharides (LPSs) isolated from phase I and phase II Coxiella burnetii (LPS I and LPS II, respectively) were analyzed for chemical compositions, molecular heterogeneity by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and immunological properties. The yields of crude phenol-water extracts from phase I cells were roughly three to six times higher than those from phase II cells. Purification of LPSs by ultracentrifugation gave similar yields for both LPS I and LPS II. Purified LPS I and LPS II contained roughly 0.8 and 0.6% protein, respectively. The fatty acid constituents of the LPSs were different in composition and content, with branched-chain fatty acids representing about 15% of the total. I8-Hydroxymyristic acid was not detected in either LPS I or LPS II. A thiobarbituric acid-periodate-positive compound was evident in the LPSs; however, this component was not identified as 3-deoxy-D-mannooctulosonic acid by gas and paper chromatographies. LPS II contained D-mannose, D-glucose, D-glyceromannoheptose, glucosamine, ethanolamine, 3-deoxy-D-mannooctulosonic acid-like material, phosphate, and fatty acids. LPS I contained the unique disaccharide galactosaminuronyl glucosamine and nine unidentified components in addition to the components of LPS II. The hydrophobic, putative lipid A fraction of LPS I and LPS II contained the above constituents, but the hydrophilic fraction was devoid of ethanolamine. The LPS I disaccharide galactosaminuronyl glucosamine was found in both fractions of the acetic acid hydrolysates. Analysis of LPSs by sodium dodecyl sulfatepolyacrylamide gel electrophoresis followed by silver staining indicated that LPS II was composed of only one band, whereas LPS I consisted of six or more bands with irregular spacing. Ouchterlony immunodiffusion tests demonstrated that LPS I reacted with phase I but not with phase II whole-cell hyperimmune antibody, and LPS II reacted neither with phase I nor phase II hyperimmune antibody. From these results, it was concluded that the chemical structures of LPSs from C. burnetii were different from those of the LPSs of gram-negative bacteria; however, the LPS structural variation in C. burnetii may be similar to the smooth-to-rough mutational variation of saccharide chain length in gram-negative bacteria.
The rickettsial agent of Q fever, Coxiella burnetii, undergoes a transition from virulent (phase I) to avirulent (phase II). This phase transition correlates with some of the biological characteristics of the "smooth-to-rough" lipopolysaccharide (LPS) variation observed for gram-negative Enterobacteriaceae (10, 20, 31) . C. burnetii in phase I may be converted to phase II by serial passage in the yolk sacs of embryonated eggs (8, 32) . This phase variation detected by serological techniques with polyclonal sera (32) and monoclonal antibodies (40) is due to differences in the antigenic surface of cells. Additionally, the phase variants exhibit various differences such as exposure of immunogenic surface proteins (42) , surface charge (16) , cell density (12) , virulence (5, 13) , and resistance to phagocytosis by macrophages and lymphocytes (14, 15) .
LPS extracted with hot phenol-water from phase I C. burnetii (LPS I) exhibits some biological activities associated with the endotoxic LPS from gram-negative Enterobacte- riaceae (4, 6, 27) . LPS I is considered to be a major determinant of virulence expression and infection (4, 5, 13) . Recent studies (3, 29) of the structures of LPS I and phase II LPS (LPS II) of C. burnetii produced results which were somewhat contradictory. The results of Baca et al. (3) suggest that LPS I and LPS II have similar sugar compositions and serological activities. However, the more recent study by Schramek and Meyer (31) confirms previous indications (29) (22) . Phase determinations of each strain were carried out as described by Stoker and Fiset (32) . The Ohio (CBOI) (5EP/2GP/2EP) and Nine Mile (CB9MI) (307GP/1TC/1EP, clone 7) isolates were phase I, no phase I activity was demonstrated with the Nine Mile phase II isolate (CB9MII) (9OEP/1TC/4EP, clone 4). Cultivation of rickettsial cells, purification by Renografin density gradient centrifugation, and inactivation by formaldehyde were described previously (41) . All (19) . The concentration of the 3-deoxy-D-mannooctulosonic acid (KDO)-like compound (Sigma) was analyzed by the method of Osborn (23) . Reducing groups were determined by the method of Park and Johnson (26) with glucose as a reference standard.
Fatty acids were analyzed as methyl esters in a PerkinElmer 900 gas chromatograph on a Gas-Chrom P column (100 to 120 mesh) containing 10% ethylene glycol succinate (Applied Science Laboratories, Park Ridge, Ill.) as previously described (2) . Quantitative analysis of neutral sugars was determined by alditol acetates. Samples (4 mg) were hydrolyzed by 4 N HCl at 100°C for 4 h. Dried hydrolysates were reduced with excess NaBH4 in 0.5 ml of distilled water at room temperature overnight. Samples were then applied to short columns of Dowex 50W-X4 (200 to 400 mesh; bed volume, 1 ml) and eluted with 3 bed volumes of distilled water. The eluates were lyophilized, dissolved with 1 ml of methanol, and evaporated to remove borate. This process was repeated twice. Reduced samples were incubated with 0.1 ml of pyridine and 0.1 ml of acetic anhydride at 100°C for 1 h. Dried alditol acetates were dissolved with 0.1 ml of chloroform and analyzed on a 3% ECNSS-M (ethylene succinatecyanoethyl silicone polymer) Gas-Chrom Q stainless column with a temperature program of 160 to 210°C at 2°C per min. Reference alditol acetate derivatives were prepared from authentic samples.
Paper chromatography was conducted by the descending method on Whatman no. 1 filter paper by employing nbutanol-pyridine-acetic acid-water (60:40:3:30, vol/vol/vol/ vol). Reducing sugars and amino acids were visualized on the developed chromatograms with alkaline AgNO3 (34) and with ninhydrin, respectively. N-Acetylation and reduction of compound X. N-Acetylation of compound X was carried out as described by Amano et al. (1) . Compound X (0.5 p.mol, calculated by using glucosamine as a standard) was dissolved in a mixture containing 10 mg of NaHCO3 and 6 ,ul of acetic anhydride in 200 ,ul of distilled water. The solution was shaken, kept at 0°C overnight, and then added to a column of Dowex 5OW-X4 (H' form). The column was eluted with 3 bed volumes of distilled water, and the eluate was lyophilized.
The reduction of compound X with NaBH4 was carried out as described previously (1) . The reduction of carboxyl groups in compound X was performed by the method of Taylor and Conrad (33) . To an aqueous solution (0.5 ml) of N-acetylated saccharide (0.5 ,umol), 2 mg of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride was added, and the pH of the solution was adjusted to 4.8 with HCI. After the solution was stirred for 3 h at room temperature, 0.3 ml of NaBH4 solution was added slowly, and stirring was continued overnight at pH 9 After electrophoresis of samples, the separated components were fixed with an aqueous solution of 25% isopropyl alcohol and acetic acid. Slab gels were stained with Coomassie brilliant blue R250 (Sigma) and by the silver staining method described by Tsai and Frasch (35) .
Immunological detection of antigen-antibody interaction. Immunodiffusion assays were done with 1% agarose gels and Veronal buffer (24) . Hyperimmune sera were raised in guinea pigs by injecting them with Formalin-killed whole cells of strains CB9MI, CB9MII, and CBOI (39) . RESULTS Isolation and chemical analysis of LPS fractions. The yields of CPWE from phase I cells (strains CB9MI and CBOI) were roughly three to six times higher than those of CPWE from phase II cells (strains CB9MII). However, when the LPSs were purified by ultracentrifugation, the yields of phase I and II were similar ( Table 1 ). All of the LPS II from strain CB9MII whole cells and strain CB9MII CMR was easily precipitated by ultracentrifugation at 100,000 x g for 2 h. However, the precipitation of LPS I from CB9MI whole cells, CB9MI CMR, CBOI whole cells, and CBOI CMR required ultracentrifugation at 100,000 x g for 15 h and gave yields of 22 and 35%, respectively, of the CPWE.
The amounts of protein, neutral sugar, and heptose were not significantly different in LPS fractions derived from CB9MI and CBOI CMRs ( pared with hexaacetylmannitol are summarized in Table 5 . At least 12 compounds, including arabinose, mannose, and D-glyceromannoheptose as major sugars and glucose as minor sugar, were detected in LPS I, although only mannose and D-glyceromannoheptose as major sugars and glucose as a minor sugar were detected in LPS II. On the basis of the data of Tables 2 to 5 , LPS II consisted of mannose, glucose, D-glyceromannoheptose, phosphate, a KDO-like compound, glucosamine, ethanolamine, and fatty acids. The ratio of mannose to D-glyceromannoheptose for LPS I and LPS II was about 1:1 (Table 5 ). LPS I contained many unidentified components and an amino compound X.
Isolation and partial characterization of compound X. To determine the structure of compound X, 45 mg of LPS I from strain CB9MI whole cells was hydrolyzed in 6 N HCI at and 66.9 min, respectively); however, the retention times were similar to those of basic amino acids (histidine and lysine, 82.7 and 85.4 min, respectively [ Fig. 1A] ). When compound X was hydrolyzed in 6 N HCl at 100°C for 15 h, two ninhydrin-positive compounds corresponding to glucosamine and hexosaminuronic acid (43) were released (Fig. 1B) , but the major portion of compound X was still present. This result suggested that the unknown compound consisted of two amino sugars (glucosamine and hexosaminuronic acid). Several laboratories (18, 43, 44) have reported that the hexosaminuronic acid-containing disaccharides are highly resistant to acid hydrolysis. For example, galactosaminuronyl fucosamine is not completely hydrolyzed in 6 N HCl at 100°C for 96 h (18) . When compound X was reduced with NaBH4 and applied to the amino acid analyzer, the retention time (81.7 min) differed from that of the original compound (Fig. 1C) .
Compound X was treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and NaBH4 after N-acetylation to quantitatively reduce carboxyl groups. This method also promoted reduction of the reducing end of the sugars at the same time. The reduced compound was hydrolyzed in 6 N HCl at 100°C for 15 h, evaporated to dryness, and applied to the amino acid analyzer. The broad peak corresponded to either galactosamine or glucosaminitol in the reduced samples; however, when the sample was subjected to amino acid analysis, two peaks corresponding to the elution times of the two amino sugars described above appeared (Fig. 1D) . It was possible that galactosamine and glucosaminitol were derived from the galactosaminuronic acid and glucosamine, respectively, of the original compound X (Fig. 1B and 1D) . Furthermore, it seemed likely that compound X was a disaccharide galactosaminuronyl glucosamine. Further studies are required to establish the complete structure of compound X.
Acetic acid hydrolysis of LPS I and LPS II. Hydrolysis of LPSs was carried out to generate analogs of 0-specific side chains and lipid A fractions described for other bacterial LPSs (10) . Supernatant and precipitate fractions after centrifugation of acetic acid-hydrolyzed LPSs were putatively 0-specific side chains and lipid A fractions, respectively. A comparison of chemical compositions of the supernatant and precipitate fractions revealed similarities and differences between these fractions ( Table 6 ). The preciptates of LPS I, although containing the same constituents, showed differences in relative concentrations of chemical components. The precipitate of strain CB9MI LPS contained 2-and 7.2-fold greater concentrations of neutral sugar and protein, respectively, than did the precipitate of strain CBOI LPS, whereas the concentratiens of the other constituents were very similar. Precipitatcs from the isogenic pairs of strain CB9MI and CB9MII LPSs showed marked differences in chemical components. Phosphate and ethanolamine concentrations of the precipitates of LPS II were 3.3-and 2.3-fold greater than those of the precipitate of CB9MI LPS, whereas the glucosamine and protein concentrations of the precipitates of LPS II were 4.5-and 10.5-fold less than those of the precipitates of LPS I from strain CB9MI. Moreover, compound X, which was detected in both precipitates and supernatants of LPS I, was not detected in the precipitates or supernatant of LPS II. In contrast, the supernatant fractions of LPS I and LPS II contained similar concentrations of reducing groups, neutral sugars, and phosphate, but LPS II contained 3.7-and 6.6-fold-less glucosamine and protein, respectively, than did LPS I from CB9MI. Ethanolamine was the only component that was clearly fractionated into the precipitates since the component was not detected in any supernatant fractions.
The neutral sugar compositions of precipitates and supernatants of LPS I and LPS II were analyzed as alditol acetates (Table 7) . Mannose and D-glyceromannoheptose were detected as major neutral sugars from the precipitate and supernatant of LPS I and LPS II hydrolysates in a molar ratio of about 1:1. The contents of mannose and D-glyceromannoheptose were less in the supernatant fraction derived from LPS I, but the concentrations of these two carbohydrates were very similar in the precipitate and supernatant of LPS II. Arabinose was detected in 8.8-fold-higher concentrations in the precipitate as compared with the supernatant of LPS II, whereas the concentration of arabinose in the supernatant of LPS I was 1.8-to 2.2-fold greater than that in the precipitate. Glucose was detected in the supernatant of LPS I but not in the supernatant of LPS II, and the majority of the glucose was clearly fractionated into the precipitates of LPS I and LPS II. Unknown carbohydrates were fractionated into either or both fractions. Six unidentified minor components and four unidentified major (Table 7) components were detected from the supernatant of LPS I hydrolysates. Seven minor components were detected from the precipitate of LPS I hydrolysates.
SDS-PAGE of LPS fractions. Since we were interested in comparing the molecular weights and banding profiles of LPSs from the three isolates, SDS-PAGE of these samples was carried out after boiling each sample in sample buffer (Fig. 2) . Several components were resolved in silver-stained SDS-polyacrylamide gels. No Coomassie brilliant blue-stainable bands were detected in the LPS fractions (data not shown). Gel patterns of SDS-PAGE indicated that LPS fractions from strain CB9MI (Fig. 2, lanes 2 to 4) and from strain CBOI (Fig. 2, lanes 6 to 8) were composed of similarly distributed molecular weight components. In addition, the gel patterns of the CB9MI and CBOI whole cells were also similar (Fig. 2, lanes 5 and 9, respectively) . However, a comparison of the gel patterns of LPS II fractions (Fig. 2 , lanes 10 to 12) and LPS I fractions (Fig. 2 , lanes 2 to 4 and 6 to 8) indicated that these two LPSs were completely different. These differences in gel patterns were reflective of the banding patterns of the whole cells of strains CB9MII (Fig.  2 , lane 1) and CB9MI (Fig. 2, lanes 5 and 9) . (Table 5 ).
bExpressed as area percentages.
c-, Not detected.
LPS I fractions (CPWE, Fig. 2 , lanes 2 and 6; supernatant of CPWE, lanes 3 and 7; LPS, lanes 4 and 8) consisted of a major component with an apparent molecular weight of 16.1 x 103 (16.1K) and five minor components with apparent molecular weights of 22, 21.1, 20, 18.6, and 14.7K. The phase II CPWE and LPS II (Fig. 2, lanes 10 and 12 , respectively) were composed of one component (apparent molecular weight, 10.5K), although phase II CPWE had only a faint band of the 10.5K component.
We applied the LPSs of Salmonella typhimurium wild strain LT-2 and Re mutant strain G30/C21 to the same gel (Fig. 2, lanes 13 and 14, respectively) with the LPS fractions from C. burnetii. As described by Tsai and Frasch (35) , many bands of doublet character from wild-type LPS were revealed by silver staining (11, 25) . LPS from the Re mutant revealed only one major band and a few minor bands. A comparison of LPSs from C. burnetii and S. typhimurium with SDS-PAGE suggested that LPSs from C. burnetii phase II and the Re mutant of S. typhimurium were similar in molecular weight. However, the banding profiles from S. typhimurium wild-type LPS showed orderly spacing of the bands, whereas LPS I gave roughly six major bands which were not regularly spaced.
Immunological properties of LPSs. Antigenicities of LPS I and LPS II were examined by immunodiffusion, using LPS I, and LPS II, and hyperimmune antisera against C. burnetii Formalin-killed whole cells from both phases (Fig. 3) . LPSs obtained from strain CB9MII whole cells and CMR did not react with hyperimmune guinea pig sera containing antibodies against phase I and II antigens, whereas LPSs from strains CB9MI and CBOI reacted with the guinea pig antisera used above (Fig. 3A) . LPS I and LPS II did not react with the guinea pig sera containing phase II antibody (Fig.  3B) . The precipitin patterns showed immunological identity between LPSs of strains CB9MI and CBOI.
DISCUSSION
In this study, we examined the chemical composition, electrophoretic profile in SDS-PAGE, and immunological properties of LPSs from strains CB9MI, CBOI, and CB9MII. The CB9MII isolate used here was cloned in primary chicken embryo cells after over 90 serial egg passages. Upon inoculation of cloned CB9MII into laboratory mice or guinea pigs, phase I cells cannot be isolated (Williams and Peacock, unpublished data). The sugar compositions of LPS I and LPS II were similar to those described by Schramek and Meyer (31) but greatly different from those described by Baca et al. (3) . Only three sugars (D-glucose, Dmannose, and D-glyceromannoheptose) were detected in LPS II by gas chromatography and paper chromatography (Table 5) , whereas 12 components, including the above sugars, were detected in LPS I in addition to a KDO-like component and glucosamine (Tables 2 and 4 ). The KDO-like component was present in the LPS fraction as measured by a positive reaction with thiobarbituric acid-periodate. However, this KDO-like component was not identified as standard KDO by gas and paper chromatographies. Thus, our data and the results of Schramek and Meyer (31) indicate that the thiobarbituric acid-periodate-positive material may not be KDO. On the other hand, three ninhydrin-positive compounds were found in LPS I (Table 4) , whereas only two were found in LPS II.
Acetic acid hydrolysis of LPS has been used to prepare 0-specific saccharide and lipid A moieties (10) . This method was used by Schramek and Galanos (30) to prepare a lipid A fraction of C. burnetii LPS. These investigators studied the biological and immunological properties of the lipid A fraction. However, they did not analyze the chemical components of the lipid A fraction. Our results suggest that acetic acid hydrolysis does not produce a pure lipid A fraction, and for this reason, we refer to our preparation as the putative lipid A fraction of C. burnetii LPS. Since C. burnetii LPS contains an analog of the acid-labile KDO (10) , this may lead to incomplete hydrolysis by acetic acid. Glucosamine, a constituent of the lipid A portion of gram-negative bacterial LPS, was found in all C. burnetii LPSs. After acetic acid hydrolysis, the majority of this sugar was released from the aggregated hydrophobic precipitate into the aqueous supernatant (Table 6 ). This fractionation is not characteristic of the lipid A glucosamine of gram-negative bacterial LPS. Moreover, ethanolamine in C. burnetii LPS was fractionated into the precipitate by acetic acid hydrolysis. Usually, ethanolamine in gram-negative bacterial LPS is released into aqueous solution (supernatant) after mild acid hydrolysis. Therefore, the putative lipid A moiety of C. burnetii LPS (6, 37) and show minor differences in the fatty acid contents of LPS I and LPS II. Although C18:1, C10:l, and C15 (anteiso) compounds were not detected in LPS II and strain CBOI LPS I, the significance of this observation is not readily apparent. In addition, the amino acids associated with these purified LPSs were very similar. The chemical association of these proteins or peptides with the LPSs of C. burnetii has not been resolved.
LPS II contained only one silver-stainable band (apparent molecular weight, 10.5K) by SDS-PAGE. This band had a similar migration to that of the major band of the LPS from the S. typhimurium Re mutant, which has a molecular weight of 2.8K. Thus, the molecular weight of LPS II might be ca. 3K. Generally, SDS-PAGE of LPS from gram-negative bacteria shows many bands at regular intervals, referred to as laddering (11, 25, 35) . However, LPS I is composed of at least six major bands with the silver-staining method, and these bands are not generally represented as doublets. Our data on LPS profiles in SDS-PAGE may be interpreted as mixtures of various unrelated LPSs or a mixture of six or more LPSs which may correlate with variation in saccharide chain length. Based on the chemical compositions and the banding patterns, it seems that the phase variation of C. burnetii cells may be similar to the smooth-to-rough mutational variation found in gram-negative Enterobacteriaceae.
The phase variation of C. burnetii was originally described as a serological phenomenon distinguishing two variants, phase I and phase II. The mechanism of this phenomenon is, so far, unknown. However, many investigators have suggested that the phase variation occurring in C. burnetii is similar to the smooth-to-rough mutational variation observed in gram-negative Enterobacteriaceae (3, 5, 13-15, 28, 29) . Recently, Baca et al. (3) presented serological evidence of identity of both LPS materials in complement fixation and immunodiffusion assays. The results of the immunological experiments with polyclonal anti-C. burnetii sera indicate significant differences between LPS I and LPS II antigenicities. Thus, LPS I from strains CB9MI and CBOI had specific antigenic characters distinctly different from those of LPS II. However, the putative lipid A moieties of LPS I and LPS Il share serological cross-reactivity with each other and with S. typhimurium lipid A (30) . The question of similarities and differences in antigenicity and epitope structures of LPSs require further study with highly specific polyclonal and monoclonal antibodies. The data of others and our data are not adequate to allow us to define the structural features of LPS I and LPS II. The isolation of LPS I and LPS II by phenol-water extraction and ultracentrifugation followed by acetic acid cleavage of acidlabile linkages revealed a putative lipid A and saccharide 0-specific moieties. More importantly, we identified a unique disaccharide galactosaminuronyl glucosamine, which was specific for smooth LPS I and was not detected in the rough LPS II preparations. In addition, the SDS-PAGE profiles of C. burnetii LPSs may be indicative of variation of molecular weight species generated by smooth-to-rough mutational variation of saccharide chain length. We are currently using high-pressure liquid chromatography, gas chromatography, and mass spectrometry to identify the unknown compounds, the structures of the putative saccharide 0-specific chain, and putative lipid A and monoclonal antibodies to probe the immunological specificies of the C. burnetii LPSs.
